INTRODUCTION {#sec0005}
============

To date, the main targets for therapeutic intervention of Alzheimer's disease (AD) are (i) the inhibition of amyloidogenic amyloid-β protein precursor processing to reduce amyloid-β (Aβ) production and (ii) the resolution of Aβ aggregates or even plaques \[[@ref001]\]. In this regard, a continuously growing number of substances from botanical sources are under consideration to have beneficial effects on AD pathology. St. John's wort (*Hypericum perforatum*) \[[@ref004]\], green tea (*Camellia sinensis*) \[[@ref006]\], polyphenols of red wine \[[@ref009]\], and the ayurvedic Ashwanganda (*Withania somnifera*) \[[@ref010]\] were found to reduce Aβ deposition and enhance cognition. Nonetheless, large-scale studies failed to prove prevention of dementia or reduction of clinical progress in patients using formerly promising *Ginkgo biloba* extracts \[[@ref011]\]. Since the pathogenic mechanisms for AD are still under discussion \[[@ref013]\], it seems difficult to specifically guide the search for new effective substances and treatment strategies.

We decided to make use of handed-down knowledge and searched for plants 1) long-known in traditional medicine for their effects on cognition or 2) which are said to somehow reduce mental problems in the local communities. Often designated as 'longevity agents' (ethno-medicinal approach) since used mostly by elderly and oldest-old with mental problems, these plants grow naturally in their geographic regions of traditional use. Species of the genus *Sideritis* spp. are members of the *Lamiaceae* family and are mostly unknown in western academic medicine. The genus *Sideritis* consists of approximately 140 species and is primarily distributed throughout the Balkan Peninsula and Mediterranean region \[[@ref014]\]. Some species are found naturally also in Hungary (*Sideritis montana*) and as cultivated plants as far north as in Tromsø/Norway (*Sideritis scardica*). Particularly the Greek species, *Sideritis euboea* and *Sideritis scardica*, known as Greek mountain tea (*τσαι τoυ βoυν*o*υ*), have a long history in traditional Mediterranean medicine, yet most of the medical uses of *Sideritis* spp. are limited to traditional medicine \[[@ref015]\]. Nowadays, the herbs are known to enhance the antioxidant defense of the adult rodent brain and to act anti-microbiologically \[[@ref016]\]. Newer investigations demonstrated that water and alcoholic extracts of *S. scardica* inhibited the serotonin, noradrenaline, and dopamine uptake in rat brain synaptosomes in a dose depended manner \[[@ref017]\]. Detailed influence of the different extraction solvents on the efficiency of *S. scardica* extracts in the same model were also reported in \[[@ref018]\]. In case of the use of water as traditional extracting agent (tea preparation), 3 to 6-fold lower IC~50~-values compared to hydro-alcoholic extracts have been measured. *Sideritis* species are also renowned to be a rich source of a variety of flavonoids \[[@ref015]\]. Studies suggest that their secondary metabolites are able to improve memory capacity by enhancing the efficiency of information storage and retrieval \[[@ref020]\]. There is also increasing evidence that flavonoid-rich foods such as fruit juices and red wine or supplements might delay the initiation of neurodegenerative disorders such as AD or slow down their progression \[[@ref022]\]. Other studies showed that flavonoids bear anti-inflammatory abilities accompanied by increased Aβ phagocytosis by microglia and macrophages *in vitro* \[[@ref023]\].

Here, we report the first scientific evaluations for the *in vivo* effectiveness of extracts of two *Sideritis* species, *S. euboea* and *S. scardica* Griseb., in treating cognitive decline in a rodent model of AD and in aged, non-transgenic C57Bl/6 mice. We have screened individual extracts as well as an extract combination of both species with regard to their effects on morphological and biochemical hallmarks of AD, the accompanying neuronal loss, and their ability to delay the deterioration of cognition and memory. We demonstrate that the single extracts, and even more efficiently the combination of both, improve memory performance and counteract neurodegeneration *in vivo* in aged non-transgenic as well as in APP-transgenic mice. Moreover, daily oral administration of *Sideritis* extracts was highly effective in decreasing intracerebral Aβ~42~ levels and the amount of amyloid plaques, probably by induction of ADAM10 expression and stimulation of microglial response. We conclude that *Sideritis* extracts, beside their attenuating effects in AD proteopathy, also have a positive effect on cognitive performance in healthy, elderly animals. Hence, our work reveals strong memory enhancing properties of *Sideritis scardica* and*S. euboea* extracts in experimental settings, supporting their traditional use as potent and compliant treatment in elderly or as preventive option for dementing disorders like AD.

METHODS {#sec0010}
=======

Animals and treatment {#sec0015}
---------------------

Transgenic mice, which express mutated human amyloid precursor protein (APP) and presenilin 1 (PS1) under control of the Thy1-promoter (APP~KM670/671NL~, PS~L166P~) in the C57Bl6/J background \[[@ref024]\], were generously provided by the University of Tübingen (Germany) and are hereafter referred to as 'APP-tg' mice. Dry extract powders re-suspended in water in addition to a 'water only' vehicle control were applied by daily gavage at the age of 40 days (AD-initiation) or 50 days (post-AD-onset), respectively, up to the age of 100 days.

The species *Sideritis scardica* and *Sideritis euboea* as well as a 1:1 combination of both extracts were applied in two dosages: 1.2 g/kg body weight (AD-initiation) and 12 g/kg body weight (post-AD-onset).

Non-transgenic mice were treated for 15 days (short-term) with an intermediate dosage of 6 g/kg body weight of the *Sideritis* extract combination, starting at an age of 135 days for 15 consecutive days until an age of 150 days (first period), and repeatedly for three further periods of 15 days at ages 300, 450, and 600 days, respectively.

The weight of treated mice was measured daily for reasons of dosage and health monitoring; numbers of animals used are indicated in [Table 1](#jad-53-jad160301-t001){ref-type="table"}. All mice were housed in 12-h day/night cycles at 21--22°C with free access to food and water. All experiments were approved by the local animal ethics committee (LALLF) and carried out according to state law of Mecklenburg-Western Pomerania, Germany.

Plant extract preparation {#sec0020}
-------------------------

Extracts of *Sideritis scardica* and *Sideritis euboea* as well as the extract combination were produced by Finzelberg GmbH & Co. KG (Andernach, Germany) in order to ensure quality and purity at pharmacological standards. The plants were harvested during flowering season between June and August and got dried to a residual humidity of \< 12%. The raw herb material was cut to 1-2 cm pieces and extracted exhaustively using ethanol 20% (v/v) in an industrial percolator. The solvent was gently removed from the extracts via evaporation *in vacuo* up to a viscous soft extract. Afterwards, drying excipient maltodextrin was added and the complete extract preparation (70% native extract, 30% maltodextrin) was pasteurized and finally dried under gentle conditions. The resulting dry extracts were milled to a fine powder ([Table 1](#jad-53-jad160301-t001){ref-type="table"}). For the purpose of administration, extracts were re-dissolved in tap water.

Tissue preparation {#sec0025}
------------------

As previously described \[[@ref004]\], mice were sacrificed by cervical dislocation and transcardially perfused with PBS. One hemisphere was fixated using 4% paraformaldehyde in PBS for immunohistochemistry. The other hemisphere was snap-frozen in liquid nitrogen and stored at --80°C for later biochemical analyses. Frozen hemispheres were homogenized using a bead homogenizer (PreCellys^®^24, Peqlab, Germany) for immediate biochemical analysis.

Enzyme-linked immunosorbent assay (ELISA) {#sec0030}
-----------------------------------------

Intracerebral Aβ~42~ levels were determined with an Aβ~42~-specific ELISA Kit (TK42HS, The Genetics Company, Schlieren, Switzerland) By using two buffers, two protein fractions were extracted as described before \[[@ref004]\]: (i) the carbonate buffer-soluble fraction containing soluble Aβ species and (ii) the guanidine hydrochloride fraction containing aggregated Aβ species. ELISAs were performed according to the manufacturer's instructions using appropriate dilutions. The total protein content was measured in triplicate with the help of a NanoDrop 1000 at 280 nm (Thermo Fisher Scientific, USA).

Immunohistochemistry {#sec0035}
--------------------

Brains were fixated and prepared as described \[[@ref004]\]. Sections were stained with BOND-MAX (Menarini/Leica, Germany) automated immunostaining system for anti-human Aβ clone 6F3D (1:200, Dako) and the Bond^TM^ Polymer Refine Detection kit (Menarini/Leica, Germany). Double-stained sections for Aβ and microglia were immunostained in a second step using anti-Iba1 (1:1,000, Wako) and the Bond^TM^ Polymer AP-Red detection kit (Menarini/Leica, Germany). Neurons were stained with anti-NeuN antibody (1:1,000, Millipore). Tissue sections were digitized at 230 nm resolution with the MiraxMidi Slide Scanner (ZeissMicroImaging GmbH, Germany) and semi-automatically analyzed by the AxioVision software package (ZeissMicroImaging GmbH, Germany) \[[@ref028]\].

Semi-automated analyzes of brain slices {#sec0040}
---------------------------------------

Cortical regions of interest (ROIs) were defined and stained structures (plaques, microglia, or neurons, respectively) were segregated according to their RGB color profile using the appropriate color channels. The resulting binary pictures were digitally processed to gain the shape corresponding to the initial scan. Plaque/microglia double staining analyses were performed as published in \[[@ref028]\]. Plaque-associated microglial area and the number of plaques covered more than 50% by microglia have been determined. For plaque analyses, the plaque number and sizes were quantified across all cortical layers. The obtained data (i.e., ROI size, plaque number, plaque area) were recorded, plaque coverage was calculated as percentage of stained area versus ROI, and all data were finally normalized to 10 mm^2^ for each hemisphere to control for ROI differences. For the analyses of number of neurons, the NeuN-stained area was measured and calculated as percentage of the cortical ROI, normalized to 10 mm^2^, thus, representing the proportion of neurons in the cortex.

Morris water maze {#sec0045}
-----------------

For behavioral analyses of the cognitive abilities of the APP-tg mice, a Morris water maze protocol adapted from the Johns Hopkins Neurogenetics and Behavior Center was used as described \[[@ref004]\]. In brief, mice were trained and tested in two sessions per day over a period of four consecutive days. Both sessions were separated by four hours and consisted of four trials per session. Few protocol modifications were made to test the extract's influence on the cognitive abilities of aged, non-tg mice after a standard initial test procedure at the age of 150 days. To evaluate long-term memory at the ages 300, 450, and 600 days, mice firstly had to pass the standard platform position learned 150 days ago (day one, first session). Subsequently, a new escape platform position was taught (day one, second session) and retrieved in all following sessions of this training period. Thus, the test not only assessed long-term memory, but also the mice' ability to relearn against previously acquired local orientation when being confronted with a new platform position (re-orientation).

Western blot {#sec0050}
------------

Cerebral tissue homogenates were fractionated into three protein fractions according to Lesné et al. \[[@ref031]\]. After SDS-PAGE using 10μg total protein per lane, proteins were blotted onto a PVDF membrane. Blots were probed for ADAM10 (1:1,000, Calbiochem, Germany), BACE1 (1:1,000, Abcam, USA), or β-actin (1:20,000, Sigma-Aldrich, Germany) dissolved in Odyssey^®^ blocking buffer (LI-COR, USA). IRDye^®^ secondary anti-mouse, anti-rat, and anti-rabbit antibodies (all diluted 1:10,000, LI-COR, USA) were used as detection antibodies. Target proteins were visualized and quantified with the help of the Odyssey^®^ two-channel IR detection system (LI-COR, USA). Total protein concentrations were determined using a BCAtrademark protein assay kit (Pierce, part of Thermo Fisher Scientific, Rockford, USA).

ABC-transporter activity assay {#sec0055}
------------------------------

*In vitro* ABCB1 and ABCC1 activities were mea-sured using the SB MDR1 and MRP1 PREDEA-SY^TM^ ATPase Kits (Solvo Biotechnology, Budapest, Hungary), respectively, according to the manufacturer's instructions. *Sideritis spp*. extracts were diluted in DMSO (Sigma-Aldrich, Germany) to a final DMSO concentration of 0.05μg/ml and activity was measured in 96-well plates using a Paradigm spectrophotometer (Beckman Coulter, Germany) at 610 nm.

Statistical analysis {#sec0060}
--------------------

Analyses and behavioral tests were made without prior knowledge of the experimental group. Results are presented as means + standard error of the mean (SEM). The corresponding numbers of laboratory animals can be found in [Table 1](#jad-53-jad160301-t001){ref-type="table"}. Significance was calculated versus vehicle-treated controls by using one-way ANOVA/Students *t*-Test (as appropriate) with Holm-Sidak's correction for multiple comparisons. Values with a probability level of less than 0.05 (*p* \< 0.05) were regarded as significant. All statistical calculations were performed using the GraphPad Prism 5 software (GraphPad Software Inc., LaJolla, USA).

RESULTS {#sec0065}
=======

Sideritis spp. extracts rescue cognitive performance in APP-tg mice {#sec0070}
-------------------------------------------------------------------

Due to the reported vitalizing effect of different *Sideritis* species \[[@ref014]\], the effects of two potent species of this genus on spatial memory function in APP-tg mice were evaluated by Morris water maze. Both single extracts showed no improvement of spatial memory in the AD-initiation treatment paradigm. In contrast, the extract *combination* of both resulted in a significant memory enhancement shown by escape latencies reduced by 59% (day 3) and 46% (day 4) compared to vehicle-treated littermates. Of note, these values are similar to vehicle-treated, non-transgenic mice ([Fig. 1A](#jad-53-jad160301-g001){ref-type="fig"}). Using the post-AD-onset treatment paradigm the S. *euboea* extract increased the memory performance by 40% at day 4 in comparison with vehicle-treated mice ([Fig. 1B](#jad-53-jad160301-g001){ref-type="fig"}). Again, treatment with the extract combination proofed to be more effective and already reduced the escape latencies at day 2 by 55% and more marked by 60% (day 3), and 61% (day 4) on the consecutive days when compared to the vehicle-treated control group.

Treatment with Sideritis spp. leads to a strong decrease of soluble Aβ~42~ and protects from neuronal decline {#sec0075}
-------------------------------------------------------------------------------------------------------------

In 100-days-old mice, AD-initiation therapy reduced intracerebral, buffer-soluble Aβ~42~ levels significantly by 42% (S. *scardica*), 40% (S. *euboea*), and 40% (combination) in comparison to vehicle-treated littermates ([Fig. 2A](#jad-53-jad160301-g002){ref-type="fig"}). Similarly, a treatment using the post-AD-onset paradigm significantly decreased soluble Aβ~42~ levels by 58% (S. *scardica*), 60% (S. *euboea*), and 56% (combination). Interestingly, no significant reduction of guanidine-soluble Aβ~42~ could be detected in any paradigm (not shown). Based on these results, we determined the influence of the extracts on neuronal cell loss to indicate potential neuroprotective properties. To do so, we used anti-NeuN-stained brain slices of 100-days-old mice and quantified the NeuN-positive area within the whole cortex. Quantifications unveiled a significant neuron loss by 16% in vehicle-treated APP-tg mice in comparison to vehicle-treated, non-transgenic mice in both paradigms ([Fig. 2B](#jad-53-jad160301-g002){ref-type="fig"}). Intriguingly, AD-initiation treatment rescued neuronal cells as indicated by a significant increase in neuronal area as compared to vehicle-treated APP-tg mice by 27% (combination) and 32% (S. *euboea*). Moreover, post-AD-onset treatment with the extract combination significantly increased neuronal area by 50% in comparison to vehicle-treated APP-tg littermates ([Fig. 2B](#jad-53-jad160301-g002){ref-type="fig"}--[D](#jad-53-jad160301-g002){ref-type="fig"}).

Sideritis spp. extracts decrease Aβ depositions {#sec0080}
-----------------------------------------------

We analyzed brain slices stained immunohistochemically for Aβ (6F3D; [Fig. 3A](#jad-53-jad160301-g003){ref-type="fig"}--[D](#jad-53-jad160301-g003){ref-type="fig"}) to evaluate the effect of the *Sideritis* spp. extracts on Aβ deposition and plaque formation. Comparison of morphological plaque burden between control mice and the AD-initiation treatment group revealed no significant changes regarding plaque numbers ([Fig. 3E](#jad-53-jad160301-g003){ref-type="fig"}). However, AD-initiation treatment using the extract combination led to a significant 26% decrease of the mean plaque size ([Fig. 3F](#jad-53-jad160301-g003){ref-type="fig"}). Contrary, post-AD-onset treatment with either extract or their combination decreased plaque numbers by 32% (S. *scardica*), 41% (S. *euboea*), and 42% (combination), respectively ([Fig. 3G](#jad-53-jad160301-g003){ref-type="fig"}). Additionally, the plaque size was reduced by 31% (S. *scardica*), 36% (S. *euboea*), and 25% (combination) ([Fig. 3H](#jad-53-jad160301-g003){ref-type="fig"}).

Sideritis spp. extracts activate and intensify Aβ phagocytic microglia {#sec0085}
----------------------------------------------------------------------

It has been reported that microglia are closely connected with soluble Aβ load and its depositions \[[@ref033]\]. To determine possible phagocytosis-enhancing properties of *Sideritis spp*. extracts on microglia localization *in vivo*, we performed immunohistochemical co-staining against both Aβ (6F3D) and microglial cells (Iba-1), on paraffin-embedded brain sections ([Fig. 4A](#jad-53-jad160301-g004){ref-type="fig"}--[D](#jad-53-jad160301-g004){ref-type="fig"}). Computer-assisted analyses \[[@ref028]\] of the cortical microglia area in the vicinity of Aβ deposits revealed significantly enhanced microglia response after extract application in the AD-initiation paradigm. Microglia area was increased by 107% (S. *scardica*), 111% (S. *euboea*), and 139% (combination) in the vicinity of plaques ([Fig. 4E](#jad-53-jad160301-g004){ref-type="fig"}). Moreover, post-AD-onset treatment showed an augmentation of the cortical microglia area by 150% (S. *scardica*), 138% (S. *euboea*), and 181% (combination) ([Fig. 4G](#jad-53-jad160301-g004){ref-type="fig"}). In addition, the relative amount of plaques covered by more than 50% with microglia was analyzed. However, no change was found after any treatment paradigm ([Fig. 4H](#jad-53-jad160301-g004){ref-type="fig"}).

Sideritis spp. extracts enhance ADAM10 expression {#sec0090}
-------------------------------------------------

Protein expression of the most Aβ-relevant secretases, the *α*- (ADAM10) and β-secretase (BACE1), was determined by western blot analyses to reveal whether *Sideritis spp*. extracts are able to alter the balance of AβPP processing enzymes ([Fig. 5](#jad-53-jad160301-g005){ref-type="fig"}). Since the *γ*-secretase is stabile driven by the PS1-transgene expression in the used mouse model, it has not been analyzed \[[@ref024]\]. Quantification of proteinexpression levels indicated that administration according to the AD-initiation and post-AD-onset paradigms significantly increased ADAM10 expression. Even more interesting, ADAM10 expression was 3.5-fold increased after post-AD-onset treatment with the combination extract of both species. We found only minor changes of the BACE1 protein expression after AD-initiation but not after post-AD-onset treatment ([Fig. 5](#jad-53-jad160301-g005){ref-type="fig"}).

Extract combination of Sideritis spp. prevents progress of Aβ~42~ augmentation {#sec0095}
------------------------------------------------------------------------------

To further understand the effect elicited by *Sideritis spp*. Treatment, we analyzed the brain content of soluble Aβ~42~ of treated and untreated 75-days-old APP-tg mice. We detected a significant decrease of soluble Aβ~42~ levels already at this age in the AD-initiation paradigm as well as the post-AD-onset treatment with all extracts by about 40% (data not shown). Next, we calculated the fold-difference of buffer-soluble Aβ~42~ at 100 d of age for the different treatment groups compared to untreated 75-days-old naïve animals. Interestingly, the calculation for the extract-treated, post-onset groups revealed that the *Sideritis spp*. extract treatment stabilizes the amount of buffer-soluble Aβ~42~ at the level of 75-days-old untreated animals, while it was 2-fold higher in vehicle-treated mice ([Fig. 6](#jad-53-jad160301-g006){ref-type="fig"}).

Extract combination of Sideritis spp. highly enhances cognitive performance in aging non-tg mice {#sec0100}
------------------------------------------------------------------------------------------------

Based on our results, we asked whether an extract combination of both *Sideritis scardica* and *Sideritis euboea* might have improving effects on cognitive functions even in "healthy" aging mice (C57Bl/6). Thus, we analyzed non-tg mice in the Morris water maze test to compare spatial memory and relearning ability with the *Sideritis spp*. extract combination and vehicle-treated littermates. The escape latency was significantly reduced by 54% (day 2), 49% (day 3), and 60% (day 4) in the treated animals, pointing to an improved cognitive performance in comparison to vehicle-treated mice ([Fig. 7A](#jad-53-jad160301-g007){ref-type="fig"}). This application mode and test procedure was then repeated with new platform positions at the ages of 300, 450, and 600 days, respectively ([Fig. 7B](#jad-53-jad160301-g007){ref-type="fig"}, [C](#jad-53-jad160301-g007){ref-type="fig"}). We observed a significant memory improvement in each learning period as revealed by a significant decrease in escape latencies at the last test day (day 4) of each period by 62% (300 d), 50% (450 d), and 50% (600 d) upon *Sideritis spp*. extract combination treatment. In addition, we evaluated the capacity to adapt to and to memorize new information represented by an altered platform position ([Fig. 7D](#jad-53-jad160301-g007){ref-type="fig"}). To do so, we compared the escape latencies measured with the old and new platform positions. The results showed significantly reduced escape latencies by 54% (150 d), 55% (300 d), 54% (450 d), and 66% (600 d) as compared to vehicle-treated mice, which indicated a highly enhanced ability to learn and retrieve new information due to *Sideritis spp*. extract application.

DISCUSSION {#sec0105}
==========

While soluble Aβ peptides are highly neurotoxic \[[@ref035]\], aggregated forms act on network communication \[[@ref039]\] and occur in a variety of conditions, accompanied by dystrophic neurites and disrupted axonal transport \[[@ref040]\]. Not only, but especially the soluble Aβ concentration can be a predictor of synaptic change and cognitive decline and determines the severity of neurodegeneration and memory disruption \[[@ref042]\]. Additionally, high levels of soluble Aβ assemblies elicit aberrant excitatory activity in cortical-hippocampal networks and disrupt theneuronal network communication \[[@ref039]\]. Using two treatment paradigms, an AD-initiation and a post-AD-onset strategy, we were able to confirm these results and define treatment options that attenuate and even rescue the cognitive capacity in the APP-tg mouse model. *Sideritis spp.* given as post-AD-onset treatment prevented the progress of toxic Aβ~42~ augmentation. As visualized in [Fig. 6](#jad-53-jad160301-g006){ref-type="fig"}, treatment from an age of 50 d stabilized the amount of soluble Aβ~42~ until an age of 100 d at the mean level of 75-days-old, non-treated animals. These findings highly correlate with the improved cognitive performance verified by Morris water maze.

However, in the present study the correlation between plaque burden and memory loss during AD pathogenesis was much higher and also dose dependent in the case of *Sideritis* monospecies extracts. High-dose, post-AD-onset, single extract treatment not only reduced buffer-soluble Aβ~42~, but also significantly decreased the plaque burden, which was accompanied by memory performances rescued to levels of non-transgenic littermates, whereas low-dose treatment only had an effect on buffer-soluble Aβ~42~ levels. In contrast, using the extract combination, both treatment paradigms consistently showed rescued memory and reduction of plaque burden in APP-tg mice.

*Sideritis spp*. are renowned to be a rich source of a variety of flavonoids \[[@ref015]\]. Several studies indicate that flavonoid consumption may be capable of inducing improvements in cognitive performance particularly because of its anti-inflammatory properties \[[@ref046]\]. Recent evidence has shown that this group of plant-derived compounds may exert particularly powerful actions on mammalian cognition and may reverse age-related declines in memory and learning \[[@ref021]\]. Furthermore, Qin et al. indicated that polyphenols of green tea have a protective effect on cultured rat primary prefrontal cortical neurons against Aβ-induced cytotoxicity \[[@ref049]\]. Our analyses of brain sections stained for the neuronal marker protein NeuN showed that the treatment of APP-tg mice with *Sideritis spp*. extracts led to a significant decrease of neuronal loss in comparison to vehicle treated APP-tg mice. Especially the extract combination as well as the S. euboea only extract had strong neuroprotective effects. Moreover, *Sideritis spp.* treated APP-tg mice had a neuronal density comparable to that of vehicle-treated, non-transgenic mice. This is the first scientific report that *Sideritis* species extracts display a persuasive neuroprotective potential after oral treatment.

The response of microglia to senile plaques in AD is not fully understood. Although acute inflammatory stimuli induce beneficial effects, such as tissue repair processes and Aβ phagocytosis, uncontrolled and chronic inflammation may result in production of neurotoxic factors that amplify underlying disease states and lead to neuronal death \[[@ref050]\]. It is known that soluble Aβ-species and aggregated proteins are able to trigger microglial activity\[[@ref052]\]. We have shown earlier that microglia seem to respond to small, probably young plaques very fast and consequently, whereas the attraction to or activity at larger plaques is less distinct \[[@ref027]\]. If this is due to a different composition of larger plaques, a microglial "shut off" or phenotype switch after prolonged contact to a plaque or other mechanisms needs to be resolved. Our analyses show that the microglial response is increased after 60 days of treatment when compared to vehicle-treated controls. Since the intracerebral Aβ content of *Sideritis spp*. treated mice is already reduced after 25 days of treatment, the extracts seem to prolong and/or enhance the beneficial activity of microglia toward plaques. The increased microglial action is aided by an increased expression of ADAM10, primarily reducing Aβproduction but also being the major shedding enzyme for fractalkin (CX3CL1), which plays an important role in microglia-mediated neuroprotection \[[@ref051]\]. It has been shown recently that neuron-selective ADAM10 knockout mice show reduced learning ability, synaptic defects, and altered network activity \[[@ref052]\]. The increased ADAM10 expression might, therefore, also play a direct role for the enhanced learning abilities of the treated mice. Particularly the extract combination strongly enhances ADAM10 expression, which might explain the improved Morris water maze performance not only in the APP-tg mice. Another very potent mechanism for Aβ clearance is facilitated by the blood-brain barrier transporters, ABCB1 and ABCC1, *in vivo* \[[@ref004]\]. To determine the activating properties of *Sideritis spp.* extracts on ABCB1 and ABCC1 activity, we used ABC-transporter-activity assays and western blot analyses, but could not find significant effects (data not shown).

To verify whether our *in vivo* setup and the used mouse model give a realistic estimation of a possible preservation of cognitive abilities in humans, we also treated mice with a *Ginkgo biloba* extract that is in use in humans \[[@ref012]\]. Large patient studies have shown that *Ginkgo biloba* has no effect on the progression and prevention of AD/cognition. In contrast to the two mouse models that were used for *Ginkgo biloba* treatment studies so far (TgCRND8 and Tg2576) \[[@ref055]\], analyses of our mouse model nicely reflected the finding in patients in showing only minor effects on Aβ~42~ levels and no effect at all in the Morris water maze performance ([Supplementary Figure 1](#S1){ref-type="supplementary-material"}).

We additionally tested the *Sideritis spp*. extract combination with the focus on cognitive functions in aged, non-tg "healthy" mice in order to assess cognition-enhancing effects. The experimental strategy was a short-term treatment of 15 days just before the Morris water maze tests that were completed at the ages of 150, 300, 450, and 600 days, respectively. Significantly decreased escape latencies were observed for the naïve, wild-type mice that have been treated with the *Sideritis spp*. extract combination. These results evidence a strong improvement of cognitive performance by means of faster problem solving, storage, and retrieval of memory in young and even in aged mice. Moreover, the animals showed a significantly improved ability to adapt to new information and to retrieve them. At this point, however, it is not clear by which mechanisms this effect was mediated. Further studies are needed to evaluate if cognition enhancement in non-tg mice is also accompanied by lowered mouse Aβ levels and if it (additionally) relies on monoamine reuptake inhibitory properties as shown in rats \[[@ref017]\], or other factors like BDNF, neuronal replenishment, or neuronal protection in both non-tg and APP-tg mice. It has been shown that *Sideritis scardica* exerts antioxidant effects comparable to *Camellia sinensis*, an effect that might prevent age- and Aβ-related increase of ROS damage by mitochondrial dysfunction \[[@ref057]\]. Very recently, a treatment trial in patients has shown that dietary supplementation with *Sideritis scardica* extract and B-vitamins improves performance in cognitive tasks and executive function especially under stressful conditions \[[@ref058]\]. Considering the life threatening approach of the Morris water maze, such properties need to be contemplated.

CONCLUSION {#sec0110}
==========

The present study evidences prevention against Aβ-induced memory impairments by herbal extracts of *Sideritis scardica* and *Sideritis euboea* in APP-tg mice. These *Sideritis* species, and in particular the one-to-one combination of both, decreased (i) intracerebral Aβ~42~, (ii) number and size of amyloid plaques, and (iii) improved memory in APP-tg mice as well as in aged, non-transgenic littermates by enhanced ADAM10 expression and microglia activation. Both *Sideritis* species are effective at low dosages pre-onset as well as at high dosages after disease onset, without noticeable side effects, neither from this animal study nor from centuries of use in the Balkan region. It will be interesting to elucidate the mechanism of synergism responsible for the enhanced efficacy of the extract combination. Furthermore, a combination of *Sideritis spp*. with other herbal extracts, known to enhance different AD-relevant mechanisms, like ABC-transporter-activation as seen from low-hyperforin *Hypericum perforatum* extracts \[[@ref059]\], should be elucidated with regard to beneficial synergistic effects in AD pathology. Summarizing, both species of *Sideritis* bear an auspicious potential for improvement of memory in healthy adults as well as in dementia patients.
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![*Sideritis spp.* extracts improve memory performance in APP-tg mice. A) AD initiation treatment with the *Sideritis spp.* extract combination improves retentiveness and learning aptitude as shown by the significantly reduced escape latencies compared to vehicle treated APP-tg mice that are similar to vehicle-treated, non-transgenic mice. B) Decreased escape latency values of mice treated post-AD-onset with *Sideritis spp.* extracts in comparison to vehicle-treated control mice indicate increased spatial memory capabilities (mean + SEM, \**p*≤0.05).](jad-53-jad160301-g001){#jad-53-jad160301-g001}

![*Sideritis spp.* potently reduce neurotoxic brain Aβ~42~ levels and protect from neuronal loss. A) *S. scardica, S. euboea,* and the extract combination reduce buffer-soluble Aβ~42~ significantly in both treatment strategies. B) Quantification of neuronal area indicated significant neuron loss in vehicle-treated APP-tg mice in comparison to vehicle-treated, non-transgenic littermates. A significantly increased neuronal area of *Sideritis spp.*-treated APP-tg mice compared to vehicle treated APP-tg mice indicates neuroprotective effects of the *Sideritis spp.* extract combination in both paradigms (mean + SEM, \**p*≤0.05). C, D) Microphotographs of NeuN stained brain slices of APP-tg mice after (C) vehicle treatment and (D) post-AD-onset therapy with *Sideritis spp.* extract combination (scale bars: 50μm).](jad-53-jad160301-g002){#jad-53-jad160301-g002}

![*Sideritis spp.* extracts restrict Aβ plaque deposition and growth in APP-tg mice. A-D) Exemplary microphotographs of cortical sections stained against Aβ after (A) vehicle, (B) *S. scardica*, (C) *S. euboea*, and (D) extract combination in the post-AD-onset treatment (scale bars: upper row 500μm, lower row 50μm). E, F) *Sideritis spp.* extract combination reduced plaque size when applied according to AD-initiation treatment strategy. G, H) post-AD-onset treatment significantly reduced both, plaque number and size in all extract groups versus controls (mean + SEM, \**p*≤0.05).](jad-53-jad160301-g003){#jad-53-jad160301-g003}

![*Sideritis spp.* extracts enhance microglia activity. A-D) Representative microphotographs of cortical regions of mice treated with *Sideritis spp.* extracts, co-stained for microglia (brown) and Aβ (red): (A) vehicle, (B) *Sideritis scardica*, (C) *Sideritis euboea*, and (D) the extract combination (scale bars: Upper row 500μm, lower row 50μm). E-H) For quantification of the microglia area, only microglia in the vicinity of plaques were included. Microglia area was significantly increased after (E) AD-initiation and (G) post-AD-onset treatment paradigms, while the relative number of plaques covered to at least 50% by microglia was unchanged in (F, H) both paradigms (mean + SEM, \**p*≤0.05).](jad-53-jad160301-g004){#jad-53-jad160301-g004}

![*Sideritis spp.* extracts increase ADAM10 expression. A, B) Expression levels of the alpha-secretase were shown by western blot analyses of brain homogenates of APP-tg mice. C, D) Both AD-initiation and post-AD-onset extract application significantly increased ADAM10 expression in all extract groups. E, F) A significant change in the BACE1 expression was only observed during AD-initiation treatment (mean + SEM, \**p*≤0.05).](jad-53-jad160301-g005){#jad-53-jad160301-g005}

![*Sideritis spp.* treatment stabilizes Aβ~42~ levels. Calculation of the fold-increase of buffer-soluble Aβ~42~ levels reveals that post-AD-onset treatment with *Sideritis spp.* extracts cuts the increase from the age of 50 d (treatment start) to 100 d by at least half and thus stabilizes the amount of Aβ~42~ at the level of 75-days-old animals (represented by the dotted line). \*indicates significant difference to vehicle; ^\#^indicates significant difference to 75-days-old, untreated mice (i.e., dotted line at 1.0) (mean + SEM, \**p* \< 0.05).](jad-53-jad160301-g006){#jad-53-jad160301-g006}

![The *Sideritis spp.* extract combination improved cognition in young and old, non-transgenic 'healthy' mice. Reduced water maze escape latency values of treated mice at an age of 150 days as well as at later time points reveal enhanced cognition. Comparison of the escape latency of the second test day with the escape latency of the first day's second trial indicate an enhanced ability to adapt to new information at all tested time points (mean + SEM, \**p*≤0.05).](jad-53-jad160301-g007){#jad-53-jad160301-g007}

###### 

*Sideritis spp*. extracts used for the treatment of APP-tg and non-tg mice: *Sideritis species*, solvents, drug-extract-ratio (DER), and animal number used for investigations

             Group                              Extraction solvent (V/V)   DER native   Animals (n) AD-initiation / post- AD-onset
  ---------- --------------------------------- -------------------------- ------------ --------------------------------------------
  *APP-tg*   *Sideritis euboea*                       20% ethanol             6:1                         6 / 6
             *Sideritis scardica*                     20% ethanol             6:1                         6 / 5
             *Sideritis* extract combination          20% ethanol             6:1                         6 / 10
             vehicle (controls)                            --                  --                           9
  *non-tg*   *Sideritis* extract combination          20% ethanol             6:1                           6
             vehicle (controls)                            --                  --                           7

[^1]: Current address: Fraunhofer Institute for Cell Therapy and Immunology --IZI, Unit of Extracorporeal Immunomodulation, Rostock, Germany.

[^2]: Current address: Martin-Luther-University Halle-Wittenberg, Institute for Pharmacy, Department of Clinical Pharmacy and Pharmacotherapy, Halle, Germany.

[^3]: Current address: Lohmann Pharma Herstellung GmbH, Cuxhaven, Germany.
